Hydrographic measurements indicate that the thermocline and the phytoplankton-rich chlorophyll maximum layer are vertically displaced over a rocky pinnacle in the central Gulf of Maine by internal waves with maximum amplitudes of 27 m. Such predictable downwelling events are linked to rapid, 2-to 3-fold increases in chlorophyll a, an indicator of phytoplankton concentration, in pulses of warm water recorded 4 cm above the bottom (29-m depth). The 1.5-5.6'C temperature fluctuations had an average period of 10.6 min and were generated on both ebb and flood tides. Local lee waves and the arrival of solitons propagated from Georges Bank are hypothesized to explain the timing of the internal waves. Because internal waves and chlorophyll mxima are pervasive features of stratified temperate seas, this mechanism of food coupling should be common in other rocky subtidal habitats.
Despite the long-acknowledged dependence of bottomdwelling populations on pelagic processes (1), relatively little is known about how events in the water column influence organisms inhabiting rocky subtidal habitats along the underwater coastline of continents at high latitudes and on offshore ledges, banks, and seamounts. Recent benthicpelagic coupling research has linked the impingement of an oxygen minimum layer (2) and topographically enhanced currents (3) to the vertical zonation of invertebrate communities on Pacific seamounts. The importance of understanding the process of food supply to the sea floor is underscored by the finding that the input of particulate organic carbon can regulate the size and distribution of populations in soft bottom habitats (4, 5) . Moreover, the timing ofphytoplankton supply is thought to influence the evolution of benthic invertebrate reproductive strategies (6) .
Internal waves are generated when the ebb tide forces a shallow thermocline over the edge of a steep bottom feature such as a bank, ledge, or continental shelf (7) . A prominent depression ofthe thermocline is produced on the downstream side and held over the abrupt bottom until the ebbing currents slacken. The released depression propagates away from the topographic feature as a packet of internal waves (8, 9) . Because of their ability to move phytoplankton-rich chlorophyll maximum layers downward (10) (11) (12) , internal waves are a likely mechanism of benthic-pelagic food coupling. To date, investigations of internal wave effects on phytoplankton distribution have been restricted to the water column, and it is not evident that downwelled chlorophyll maximum layers could reach the rough surface of rocky bottoms where topographically induced upwelling could redirect downward flow (13) (14) (15) .
We studied benthic-pelagic coupling at Ammen Rock Pinnacle (ARP), a rocky ledge located 105 km offshore in the central Gulf of Maine characterized by steep bottom topography, swift currents (averages, 12.7-25.5 cm/sec) and abundant populations of suspension-feeding sponges, anemones, bryozoans, and ascidians ( Fig. 1 and refs. 16 and 17) . Observations of rapid vertical displacements of the subsurface chlorophyll maximum (SCM) layer (e.g., 20-m depth in 15 min) at ARP in July 1990 led us to hypothesize that internal waves deliver phytoplankton to deep habitats by displacing the SCM layer down to the bottom.
In this report, we describe the vertical extent of short-term temperature fluctuations associated with the passage of internal waves over ARP. We then show that the pulses of warm water are accompanied by large increases in chlorophyll a, signaling the arrival of the SCM layer on the bottom. Using thermistor string records, time series analysis, and photos from space, we develop the hypothesis that the internal waves arriving on the ebb tide are generated locally, while those arriving around the flood tide propagate away from Georges Bank.
The significance of this vertical coupling phenomenon lies in its potential to enhance the secondary productivity of suspension-feeding invertebrate populations living on topographically high regions of the sea floor. It may also serve as a vertical transport mechanism for passively dispersed larvae of benthic invertebrates, since bryozoan larvae are abundant in the SCM above offshore pinnacles (J.D.W., unpublished data). To our knowledge, this is the first evidence that physical forcing by internal waves extends all the way down to the substratum in the rocky subtidal zone.
METHODS
Most of the research was conducted at 29-m depth on a narrow, 37-m-long ridge at the peak of ARP (Fig. 1 (19) . The manufacturers of the CTD (Sea Bird Electronics) and fluorometer (SeaTech) claim that the analog/digital circuitry interfacing the two instruments is unaffected by temperature changes and that the fluorometer is temperature-compensated. The SCM layer corresponds to a phytoplankton abundance maximum in the Gulf of Maine (20, 21) .
Spectral analysis was conducted on the July 22-29 bottom temperature record to discern the frequency of the arrival of internal wave packets. The analytical procedure consisted of filtering the high-frequency noise by averaging the 9000-min temperature file at 16-min intervals, then detrending the data for a significant low-frequency trend of warmer mean temperature during the latter half of the week. Detrending consisted of subtracting from the raw data a smoothed curve fit to a third-order polynomial which yielded a better fit than a linear function. Fast Fourier transforms were computed on the filtered, detrended data to reveal the spectral peaks.
RESULTS AND DISCUSSION
Vertical Coupling. The CTD/fluorometer moored 20 cm above the rock surface showed rapid temperature fluctuations of 1.5-5.60C amplitude commonly occurring at the peak of ARP during 105 and 125 hr of deployment in June and July, respectively (Fig. 2) . The bottom thermistor of the vertical string, located 10 m horizontal distance from the CTD/ fluorometer, recorded similar rapid temperature fluctuations 4 cm above the rock surface (Fig. 2C) , indicating that the warm-water events reached the bottom and that they were not highly localized on the scale of meters. The period of the bottom temperature fluctuations at ARP was 10.6 ± 5.4 min (mean ± SD, n = 36, from data in Fig. 2C ). Every spike in bottom temperature was mirrored by a rapid increase in chlorophyll a concentration, on the order of0.5-5.0 ,ug/liter, often matching the period of temperature fluctuations exactly. Bottom temperatures and chlorophyll a concentrations were highly correlated in all 12 of the CTD moorings, with Spearman's rank correlation coefficients ranging from 0.845 to 0.981. All correlation coefficients were significantly different from zero (all P c 0.0001; J.D.W., unpublished data).
Thermistor strings moored at the top of ARP for a total of 12 days revealed that many of the short-term temperature fluctuations recorded on the bottom were vertically coherent across the entire span of thermistors, which was 15 m in June and spanned 18-27 m in July (Table 1) . Vertical coherence was quantified by correlation analysis to determine the degree of association between temperature records from different elevations above the bottom, for each thermistor string mooring. Temperature variability was positively correlated at all depths in June and July (Table 1 ). All correlation coefficients were highly significant; however, the strength of the correlation diminished with increasing vertical separation of the thermistors.
The simplest explanation for the large temperature and chlorophyll a spikes recorded on the bottom at ARP is that they were caused by rapid vertical displacements of the thermocine and the SCM layer associated with it to the bottom, as internal waves with amplitudes of 15-27 m passed over the pinnacle. This interpretation is supported by the significant correlations of temperature records across the water column to the bottom, establishing the vertical nature of the phenomenon, and by the amplitude and period of the bottom temperature fluctuations, which meet or exceed published accounts of temperature changes induced by internal waves [1.0-4.0°C in 6-8 min (16), 1.5-2.0°C in 10 min (18), 2.0-5.0°C in a few minutes (22) ]. Further evidence that the temperature and chlorophyll pulses were induced by vertical motion associated with internal waves comes from observations of many alternating bands of slicks and rippled water at the surface above ARP on all calm days in June and July 1991 (15 out of 18 cruise days; J.D.W., unpublished data). Slicks are areas of convergence and downward circulation, representing the most obvious surface manifestation of internal waves (23, 24) . A vertical CTD cast taken while anchored -80 meters south of ARP peak immediately before and during the passage of a northward moving slick revealed that the base of the thermocine and the depth of the chlorophyll maximum layer were vertically displaced by 25 and 18 m, respectively (Fig. 3) .
Alternative Explanations. An alternative explanation for the large temperature and chlorophyll pulses recorded on the bottom is that they might have been caused by lateral advection of dense patches of phytoplankton in fronts or eddies moving past the pinnacle as the tide changes. According to this hypothesis, the causal mechanism would be a horizontal, rather than a vertical, process. A horizontal process would not explain the positive correlations between temperature and chlorophyll a established by the CTD/ fluorometer moored at the top of the pinnacle, as the advected phytoplankton patch would be nearly isothermal with water at the peak. Nor and chlorophyll a recorded by the moored CTD/fluorometer in A and B; Spearman's rank correlation analysis indicated that temperature and chlorophyll a were highly correlated, with r. = 0.976 in A, r. = 0.941 in B. Each rapid temperature increase is accompanied by a 2-to 3-fold increase in chlorophyll a concentration. The 7-day record in C shows that rapid temperature increases are a characteristic feature of the peak site over the longer term. Open diamonds indicate time of low water, and solid diamonds designate time of high water; the flood tide begins =30 min before low water, and the ebb tide begins =30 min before low water. Thick bar indicates time of CTD record expanded in B; thin bar underlining end oftemperature record in C indicates overlap of thermistor string mooring at south Cashes site (see Fig. 4 ) with the ARP record. These data indicate that the internal waves push the warm chlorophyll maximum layer right to the bottom, as the sensors of the CTD/fluorometer and the bottom thermistor in C were located 20 and 4 cm, respectively, above the rock surface.
high-frequency variation documented from 28 m (25, 26) . Thus, the lateral-advection hypothesis has limited power to explain the observed phenomena. Wind-induced upwelling and downwelling are other mechanisms (27) deserving serious consideration, but since the majority of the measurements were taken on calm days with wind speeds below the critical threshold needed to generate Langmuir circulation [<3 m/sec (28) occurred on 15 of 18 days], wind-driven circulation could not be responsible for the dramatic temperature and chlorophyll changes observed on the bottom.
Mechanisms of Internal Wave Formation. Patterns of bottom temperature variability were studied to deduce the mechanisms of internal wave formation. Distinct ebb and flood tide patterns were evident, with the onset of ebb tide typically marked by a rapid temperature increase followed by a gradual decline to baseline levels (e.g., hours 14-20, 10-16, and 0-6 in Fig. 2 A, B, and C, respectively) . By comparison, the temperature oscillations associated with the flood tide began a few hours before the flood and did not show the sudden jump to high temperatures and then a gradual decrease like the ebb tide. Instead, the flood-tide temperature changes were more like short warm-water pulses separated by a return to baseline (e.g., hours 8-9, 3-6, and 21-23 in Fig.  2 A, B, and C, respectively) . Although the general pattern of temperature change differed between ebb and flood tides, analysis of temperature variability indicated that rapid temperature fluctuations characteristic of internal waves were equally likely on ebb and flood tides, occurring on 70%o and 71% ofthe tides, respectively (Student's ttest, t = 0.013, 1,44 df, P > 0.05, data arcsin transformed). Time-series analysis of the longest temperature record at the ARP site (Fig. 2C ) resulted in a spectral density plot of temperature variance with two principal peaks at periods of 12.4 and 6.2 hr (plot available from J.D.W.). The first peak results from the prominent M2 semi-diurnal internal tide (27) . The second peak appears to be associated with the arrival of internal wave groups generated by the tides near the northern edge of Georges Bank, as described below. The wave packets arrive at the ARP site approximately at mid-phase of the local tide (Fig. 2) , giving rise to the 6.2-hr spectral peak.
We hypothesize that there are two mechanisms controlling the striking temperature variation observed at ARP. The first is a "lee wave" wake forming behind the shallowest part of Cashes Ledge, Ammen Rock, located 5 km north of ARP (Fig. 1) . As typical of lee waves elsewhere (11, 27) , we suggest that the thermocline is depressed immediately downstream of Ammen Rock as the leading part of the internal wave train forms in the thermocline-hence the substantial increase in bottom temperature at ARP just after the ebbs begin. However, as the flow velocity of ebb tide increases, the lee-wave wake gets stretched out or pushed downstream, so that at ARP the thermocline relaxes slowly toward its taken from space (29) . (ii) The predominant current direction recorded during large flood-tide temperature oscillations at ARP was from southeast to northwest (J.D.W., unpublished data), which is consistent with the direction of internal wave packets traveling from the northern margin of the shelf/slope break of Georges Bank. The propagation speed of these packets is about 120 km/day (29) , meaning that they would arrive at ARP sometime around the flood tide 24 hr later because the site is 125 km away from the closest shelf/slope break on Georges Bank. Finally, internal wave signatures are more distinct during flood tides at the southern end ofCashes Ledge than on the study pinnacle (Fig. 4) , as would be expected from northward-traveling packets of internal waves before they are disrupted by interaction with the abrupt bottom topography characteristic of the central region of Cashes Ledge.
Concluding Remarks. In summary, we have identified a mechanism of food transfer from the water column to rocky subtidal habitats, and we have generated a testable hypothesis for the timing of internal waves on ebb and flood tides. The importance of this vertical coupling phenomenon as a source of food for suspension feeding invertebrates living on the bottom depends on the frequency of internal-wave downwelling, on the functional response of active and passive feeders to the pulsed food supply regime (30) (31) (32) , and on the flow speed (33) and turbulence (34, 35) associated with food particle delivery. Based on our moored instrumentation (e.g., Table 1 and Fig. 2) , we estimate that the SCM and thermocline are pushed down to the bottom by passing internal waves [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] times daily during the 6-month (May-October) period of thermal stratification in the outer GulfofMaine. Thus, vertical coupling driven by internal waves should be a common and predictable mechanism of phytoplankton supply to the benthos. The functional response of suspension feeders to the variable food concentration, temperature, and flow conditions created by the pulsed downwelling of the SCM and thermocine is presently unknown. Clearly, it represents a rich area for further investigation. Previous growth experiments at the ARP site have shown that the growth rates of two species of facultatively active suspension feeders (36) jeffreysii) ofARP than at the deep slopes (50 m) of the pinnacle (J.D.W., unpublished data). Internal waves diminish with depth below the thermocline, and it is unlikely that waves with the amplitude described here commonly penetrate to 50 m. We suggest that increased phytoplankton supply brought about by the vertical displacement of the chlorophyll maximum layer is a compelling explanation for the high secondary production of facultatively active suspension feeders on the top and upper slopes of ARP and on other topographically high regions within the euphotic zone. Because the combination of steep bottom topography, thermal stratification, and vigorous tides needed to generate internal waves occurs in many temperate seas, this pulsed food supply mechanism should be applicable to subtidal habitats elsewhere.
